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I.  INTRODUCTION 

The  research  program  earried  out  under  Contract  N6ori  W7,  T.  0.  3 
during  the  period  April  1$,  19^*6  to  September  30,  1?5A  has  included  work 
on  a rather  wide  range  of  topics  in  solid  state  and  low  temperature  physics  . 
Many  of  the  results  of  these  investigation*  have  already  been  presented  in 
the  fora  of  technical  reports  and  published  articles.  Thie  report  will, 
therefore,  include  merely  the  briefest  statements  of  theae  results  together 
with  appropriate  references.  Enphasia  wail  be  placed  rather  on  the  present" 
ation  of  results  hitherto  unpublished,  most  of  which  have  been  obtained  dur- 
ing the  last  two  years.  In  several  instances  these  results  serve  to  indicate 
the  status  of  work  which  is  being  continusd  beyond  the  date  of  termination 

t 

of  this  contract „ 

n.  calorimetry 

The  heat  capacities  of  several  metals  and  non  metals  have  been  deter- 
mined a*  functions  temperature  in  the  liquid  heliiaa  range  as  well  ar  be- 
tween liquid  hydrogen  temperatures  and  about  20D°KCJ  Vacuum  calorimeters 
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described  in  Technical  Reports  7 and  8 were  used  for  aan y of  these  measure- 
ments. Recently  a larger  calorimeter  designed  along  conventional  lines  has 
been  constructed  and  employed  in  work  between  ~ 105°  and  22°E , Temperature 
measurement  from  lCPg  upwards  has  been  by  means  of  a L and  N platinum 
resistance  thermometer.  In  much  of  the  helium  temperature  work  gexmanina  re- 
sistance thermometers,  developed  in  this  laboratory*-*^,  were  used.  Recently 
carbon  composition  resistances  of  the  AllenrBradley  type  have  been  used  ex- 
tensively over  the  range  1.5°  to  22°£0 

The  way  in  which  a gilds  take  up  thermal  energy,  as  revealed  by  spec 
lfic  heat  observations,  is  indicative  of  many  fundamental  aspects  of  their 


structure.  Such  features  as  the  density  of  electronic  energy  states  at 


the  Fend,  surface  or  the  presence  of  significant  interaction  among  mag- 


netic ions  are  typical  of  the  types  of  information  gained  in  the  invest 


igations  to  be  described.  It  is  convenient  to  group  the  results  acoo-d 


ing  to  the  kind  of  material  studied  and  the  temperatures  at  which  the 


measurements  ware  mads. 


A.  Metals  Below  A-2°K.3'4,5,11*2Bp29 


Cp  has  been  determined  as  a function  of  temperature  between  1„&° 


and  J*..2°K  for  specimens  of  Cr,  Ti,  Sr,  Mg,  Cu  (pore  and  impure),  and  the 
alloy  Nij  Mn  in  both  the  ordered  (ferromagnetic ) and  disordered  (para- 


magnetic) forms  o In  each  case  it  has  been  possible  to  represent  Cp(»Cv) 


as  fT  ♦ 0T3,  i e0  the  ana  of  an  electronic  and  a lattice  contribution . 


The  coefficient  y yields  directly  the  doneity  of  electronic  energy  states 


at  the  Fermi  level  for  a given  metal  while  0 provides  a value  of  the  Debye 


characteristic  temperature,  ©,  of  the  lattice,. 


The  results  for  Cr,  Ti,  Sr,  Mg  and  impure  Cu  have  already  been  re 


ported.*  Ihe  y values  for  Ti  and  Sn  were  found  to  be  intermediate  between 


those  associated  with  non-transition  metals  such  as  A1  and  Kg  and  the 


large  values  typical  of  other  transition  elements.  This  is  in  accord  with 


current  ideas  of  the  shape  of  the  d band  in  transition  metals.  More 


striking,  however,  is  the  fact  that  for  Cr  a y value  of  only  3<>8  x 10** 
eal/deg^  roI  uae  observed.  In  other  words  the  Fermi  level  for  Gr  lies  at  & 


point  where  the  density  of  states  of  the  d-band  is  quite  low.  Existing 


calculations  of  d-band  shapes  by  Slater  and  others  for  later  members  of 


the  first  transition  sequence,  eog0  copper,  do  in  fact  predict  a nriniim»n 


in  the  density  of  states  curve  at  the  position  near  the  nrtddi*  corves  - 


ponding  to  the  Fermi  level  of  Cr.  The  y value  for  Cr  may,  therefore,  be 


4. 


interpreted  in  a olir.nl g ay  if  the  shape  of  ti»  d hand  in  copper  may 
be  presunod  to  hare  the  sane  general  features  as  that  of  the  earlier 
e sobers  of  the  first  transition  group. 

The  results  of  measurement  on  Ni^Kn  epecimsiis  in  the  ordered  and 
disordered  states  are  plotted  in  Fig.  1 as  Cp/'T  re  T?.  The  y value  for 
the  disordered  alloy  (paramagnetic)  is  2 2,4x  10"v  cal/mol  deg2.  This 
is  twice  as  large  as  the  y for  the  ordered  (ferromagnetic)  material  name 

ly  11.7  x 10  * cal/mol  deg  . The  inplica  c.iona  of  this  result  have  betii 
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discussed  by  Goldman  • It  is  in  ha  rmcny  with  tho  idea  that  in  the  ferro 

magnetic  material  the  half-band  of  ti^electrons  with  one  spin  is  full  or 

nearly  full  so  that  only  d-electrons  in  the  partly  filled  half-band  of 

opposite  spin  may  contribute  to  the  specific  heat. 

Earlier  measurements  of  tor  copper  performed  In  this  laboratory 

ware  done  on  a specimen  containing  0.5  o/c  lead  impurity.  The  electronic 

heat  Weis  little  affected  by  this  addition*  tha  observedy,  1.8  x 10*^  cal/ deg2 

3L 

mol,  being  in  good  agreement  with  that  reported  by  Keesoa  and  Kbit  for 
pure  material.  The  6 value  observed  was,  however,  somewhat  lower  than 
the  value  335°  given  by  Keesacn  and  nuk,  an  might  be  expected  from  the 
known  small  value  of  Q for  the  lead  impurity. 

New  BeasurssasntE  have  bean  made  on  a copper  specimen  of  rather  high 
purity  (99-99  o/o)  which  had  been  annealed  at  4Q0°C  for  48  hours.  A gere 
maniun  thermometer  was  used.  The  results  are  plotted  as  C^/T  vs  T2  in 
Fig.  2 and  as  Cp  to  I in  Fig.  3«  The  constants  associated  with  the  smooth 
curves  drawn  through  the  experimental  points  are  y =»  1.8  x 10  ^ Oal/dcg2raT~> 
and  0 ■ 343°.  The  general  agreement  with  the  results  of  Kessom  and  Kok  is 
rather  good.  The  email  discrepancy  in  the  vaLues  of  0 appears  to  be  cut- 
sine  the  limits  of  experimental  error.  A 0 of  343  has  also  been  reported 
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for  pare  copper  recertify  by  Corok  et  al „ 

B„  Metals  Above  l*^.27*9*10 

Cp  has  been  measured  for  chromium,  titan-jam,  zacanim,  and  hafnium 
between  ~ 15°X  and  200°K.  The  individual  specimens  are  described  in 
Table  I. 


The  results  for  titanium  are  shown  in  Fig.  k.  In  Table  U values 
of  Cp  taken  freer  the  smooth  curve  drown  through  the  experimental  points 
are  given.  Corresponding  Cr  values  have  also  been  tabulated.  These  were 
calculated  by  means  of  the  formulat  « Cp  ^ 1 - trr  v)  - 
Cp  ( 1-  5.7  x 1 o CpT  ) „ cv  values  corrected  for  the  electronic  contrib- 
ution  are  also  shown  as  well  as  the  effective  Debye  temperatures  deduced 
therefrom.  These  results  are  in  excellent  agreanenv  with  those  of  Join 
ston  and  Kottaan  in  the  region  in  which  they  overlap. 

The  data  for  zlrcanlm  are  presented  in  Fig.  5 and  Table  HI.  Values 

of  C^,  of  CT  minus  the  electronic  part,  and  effective  Debye  0's  are  also 

tabulated.  Agreement  between  these  results  and  those  of  Johnston  and 

Skinner^*-  for  zirconium  is  quite  good.  This  specimen  and  the  titenixan 

specimen  described  above  are  the  same  ones  on  which  measurements  had  bean 
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previously  made  below 

The  hafnium  results  are  given  in  Fig.  6 and  Table  17,  the  latter  con 
tainlng  also  Cy, corrected  CY,  and  effective  © values.  The  electronic  con- 
tribution used  to  correct  CY  values  to  those  representing  the  lattice  heat 
alone  has  been  uakeo  from  preliminary  measurements  of  the  electronic  heat 

determined  below  h.2°K  in  this  laboratory.  The  value  of  y{6  x 10  ^ cal  - 

mol  deg 

quoted  here  is  provisional.  The  final  results  of  these  measurements  at 
1 Aquid  heli.ua  temperature  will  be  reported  at  a later  date. 


In  Fig.  7 the  effective  Debye  temperatures  0 for  H,  Sr,  and  Hf 
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ZABLE  I 


METAL 

AT.WT. 

Heat  Capacity  Specimens 

SPECIMEN 

wr. 

PURITT 

PRINC . IMPURI TIES 

Ti 

47.90 

27.416  gpi. 

>99  0/0 

£r 

91.22 

19.429 

99.5  0/0 

Na 

Hf 

173.6 

460 420 

93  0/0 

1 

1- 

Cr 

52.01 

16.  m 

99.9  0/0 

Al,Cu,Si 

I ' 


HJLAT  CAPACITY  UF  TITANIUM 


T(°K) 


22.5 

25 

30 

35 

/D 

45 

50 

55 

60 

65 

70 

75 

SO 

85 

90 

95 

100 

105 

no 

115 

120 

125 

130 

135 

140 

145 

150 

155 

160 

165 

170 

175 

180 

185 

190 

195 

200 


cl  & rf 

4*?* 


„304 

45* 

0650 

o8?9 

1.142 

1.413 

1.674 


1-932 

2.18? 

2.428 

2.659 

2.872 

3-C85 

3.288 

3.476 

3.648 

3-810 

3.959 

4.098 

4.229 

4.346 

4.456 

4.560 

4.650 

4.736 

4.813 

4.886 

4.951 

5.031 

5.062 

5.119 

5.166 


5.220 

5.273 

5.320 


ar 

■ /cal  ; 

n 1 /cal 

5 fell 

~ 0 

SD<  K 

.119 

.176 

.304 

.458 

.650 

.879 

1.142 

.100 

.155 

.27? 

.42? 

.61? 

.342 

1,101. 

y?2 

360 

354 

356 

357 
357 

355 

1.673 

1.622 

355 

2,185 

2.127 

357 

2.656 

2.590 

353 

3 030 

3,005 

359 

3>469 

3.336 

353 

3.801 

3.71C 

356 

4.0S6 

3.9S7 

355 

4.544. 

4.428 

352 

4.864 

4.731 

353 

5.097 

4.948 

354 

5.191 

5.037 

355 

5.288 

5.122 

353 

<V  » <1  - 5.7  X lO^T) 

■ cv  - 8.29  x.  10~^T 
latt 


! 

I 

I 


1 
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table  hi 


HEAT  CAPACITY  UF  ZIRCONIUM 


T(°K) 


20 

0o2A41 

25 

0,4836 

30 

0.7 888 

35 

1.136 

40 

la  502 

45 

lc850 

50 

2.183 

55 

2,512 

60 

2.822 

65 

3.103 

70 

3.371 

75 

3.610 

60 

3.831 

85 

4.028 

90 

4.202 

95 

4.352 

100 

4.498 

105 

4.610 

no 

4.709 

115 

4.608 

120 

4.892 

125 

4.972 

130 

5.038 

135 

5.103 

140 

5.174 

145 

5.240 

150 

5.305 

155 

5.376 

160 

5.446 

165 

5.517 

170 

5.573 

175 

5.625 

ISO 

5.667 

185 

5.695 

190 

5.714 

195 

5.737 

200 

5.751 

CTical)* 

eD(°£) 

0.2441 

0.4636 

0.7888 

1.136 

1.502 

1.850 

2.182 

2.511 

2.821 

3.102 

3.370 

0.2303 

0.4663 

0.7680 

1.112 

1.474 

1.819 

2.147 

2.473 

2.7v9 

3.057 

3.322 

252 

247 

247 

247 

248 
251 

254 

255 

255 

256 
255 

3.829 

3.773 

254 

4.199 

4.137 

253 

4.494 

4.425 

2>2 

4.704 

4.62S 

254 

4.837 

4.604 

255 

5.167 

5.070 

256 

5.437 

5. 336 

24 2 

5.656 

5.532 

220 

5.738 

5.600 

223 

i 


*Cv  • Cp  (1  - 1.88  x 1Q~*CT) 

CJ  - C - 6^92  x IX)  -T 
Jatt  ¥ 


§ 
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TABLE  17 

HEAT  CAPACITY  OF  HAFNHiM 


T(°I0 


10 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

70 

75 

80 

85 

90 

95 

100 

105 

HO 

115 

120 

125 

130 

135 

140 

145 

150 

155 

160 

165 

170 

175 

180 

185 

190 

195 

200 


0.0423 

0.1654 

0.4040 

0.7733 

lo235 

1.703 

2.185 

2.620 

3.012 


3.940 

4.174 

4.382 

4.582 

4.767 

4.932 

5.075 

5.186 

5.267 

5.344 

5.413 

5.467 

5.510 

5.548 


-f 

5.637 

5.667 

5.694 

5.717 

5,740 

5.767 

5.787 

5.817 

5.844 

5.860 

5.883 

5.906 


y mf  v°‘> 

latfc 


Oft 0423 
0.1654 

Oo 4040 

0.7733 

1.235 

0.0363 

0.1564 

0.3920 

0.7583 

1.217 

234 

215 

210 

206 

204 

2.183 

2.159 

202 

3.007 

2.977 

201 

3.673 

3.637 

197 

4.161 

4.119 

198 

4.564 

4.516 

194 

4.908 

4.854 

186 

5.157 

5.097 

180 

5.310 

5.428 

5.356 

177 

5.569 

5.485 

181 

5.660 

5.564 

XS8 

5.751 

5.643 

188 

5.830 

5.710 

184 

*cv  * Cp(i  - l.oe  x io“5cpT) 


cr  - 6.0  x 
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have  bean  plotted  as  functions  of  temperature.  The  decrease  of  Gp  with 
increasing  atomic  weight  in  this  sequence  of  Group  IV*  metals  is  as  ex- 
pected on  the  basis  of  specific  heat  theory.  Note  that  Gp  is  defined 
such  that  k G-  » h **  where  V is  the  maximum  allowed  frequency 
of  atcalc  vibration  in  the  solid.  We  may  write  the  equation  of  motion 


of  an  atom  vibrating  about  its  equilibria!  lattice  alts,  as  M X ♦11*0 
where  X is  the  displacement,  K the  force  constant,  and  N the  atomic  mass. 
The  frequency  of  atomic  peculation  is  simply  V ” We  may  rea- 
sonably expect,  therefore,  that  dp  will  also  be  proportional  to  . 

For  members  of  a group  of  elements  having  such  similar  properties  (includ- 
ing elastic  constants)  as  do  those  of  Group  IVa  the  product  3p  or 

1/2 

SpA^  f where  A is  the  atomic  weight,  may  be  expected  to  have  nearly  the 
same  value.  That  this  is  so  is  seen  in  Table  V. 


% 

A 

vV2 

Ti 

355 

1*7.9 

21*60 

3r 

250 

91.2 

2390 

Hf 

190 

178.6 

2530 

The  Sp  values  used  here  are  those  observed  in  the  range  where  this  para- 
meter  is  relatively  tempera ture-indepondent . 

o 

As  has  been  briefly  noted  in  an  earlier  report,  the  present  measure' 
meats  on  hafnium  fail  to  confirm  the  existence  of  an  anomalous  peak  in  C 

P 

at  60°X  described  by  Cristes-uand  Simon^.  This  result  may  well  reflect 
significant  differences  in  purity  between  the  specimen  used  in  this  work 
and  that  used  in  the  earlier  measuv'ements . Hafnium  of  even  98  o/o  purity 
has  only  been  recently  made  available.  Not  only  is  the  specif lo  heat  of 
reasonably  pure  hafnium  found  to  be  regular  but,  as  we  have  seen,  it  le 


'/  o 

quite  consistent  with  those  of  titanlixn  and  zirconium.  This  is  very 
encouraging  freer:  the  point  of  view  of  the  theory  of  lattice  specific 
heats  in  taros  of  which  anomalous  behavior  is  completely  inexplicable,, 

The  experimental  findings  for  chromium  are  given  in  Fig.  8 and 

3d 

Table  VI  „ These  results  overlap  those  of  Anderson  obtained  in  the  range 

56°  to  300°Kc  The  agreement  between  the  two  sets  of  measurements  is  quite 

satis  factory  c Particular  emphasis  has  been  placed  in  the  present  work  on 

the  temperature  range  in  the  vicinity  of  12Q°KC  It  is  in  this  region  that 
36.1 

Fine  et  al  have  observed  an  anomaly  in  Young 3 a Modulus  for  chromium „ As 

\0 

ws.8  mentioned  in  an  earlier  report^  no  specific  heat  anomaly  has  been  d* 
tected  in  the  region  of  interest  at  least  to  the  limit  of  resolution  of 
the  measurements  0 An  anomalous  peak  in  Cp  having  a width  of  no  more  than 
about  5°  could  probably  be  observed. 

Effective  values  of  for  chromium  are  plotted  against  temperature 
in  the  upper  part  of  Fig.  7«  A masdmum  value,  “ 515,  ie  reached  at  about 
30°K»  Below  this  temperature,  8^  decreases  continuously  with  temperature 
reaching  a value  of  487  at  20°&.  In  the  region  below  Z*°K  earlier  measure- 
ments gave  a of  <*18.  This  appears  to  be  quite  consistent  with  the  trend 
observed  above  20°. 

C„  Non-Metals. 

(l)  Germanium^ 2?* ^ , $58 

The  specific  heat  of  the  semiconductor  germanium  was  measured  for 
several  specimens  of  very  different  purity.  Measurements  between  20° 
and  200°K,  described  in  detail  in  Technical  Report  No.  7,  indicate  only 
a very  slight  dependence  of  Cp  on  impurity  content . They  do  not  reveal 
any  anomalous  features  such  as  the  peak  between  1*0°  and  li*0°K  reported  in 
1934  by  Cristeecu  and  Simcn**„  Measurements  to  below  4°K,  described  in 
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So 

Technical  Report  j£-28,suggest  that  in  very  impure  degenerate  germanitsa 
epecimenc  an  electronic  contribution  to  the  specific  beat  may  be  obserr= 
able, 

(3)  Normal  Spinels 

Ferrites  have  the  general  molecular  formula  where 

++  ♦♦  +♦  ♦<* 

K may  b«  Ma  , Fa  M Zn  , eto0  They  crystallize  In  the  spinel  structure 
in  which  the  metallic  ions  may  occupy  lattice  sites  of  two  non  -equivalent 
types,  the  tetrahedral  (A)  and  octahedral  (B)  sites  sir  rounded  by  four 

g 

and  six  asygon  atoms  respectively.  Neel  has  successfully  described  the 
magnetic  properties  of  many  ferrites  by  assuming  the  exchange  interaction  of 
ions  on  A-site*  with  ions  on  B-sitea  (A-B  interactions)  to  be  antiferro” 
magnetic  and  much  stronger  than  A-A  or  BHB  interactions,  lbs  latter  are 
also  assumed  generally  to  be  antif erzonagnetic  although  little  direct 
evidence  has  been  available  until  recently  to  indicate  their  actual  nature 0 
Zinc  and  cadniue  ferrites  are  the  only  ones  possessing  the  so-called 
■normal"  spinel  structure  in  which  all  33-sites  are  occupied  by  Fe+*+  ions 
and  all  A sites  by  divalent  ions,,  Sineo  Zn+*  and  Cd  are  diamagnetic 
the  only  magnetic  interaction  present  in  either  SaFogO^  or  CdFe^O^  should 
be  of  the  weak  B°B  type.  Consequently  long-range  ordering  of  Fe+*+  spins 
is  to  be  expected  only  at  low  temperatures  0 

Corliss  and  Hastings^  have  carried  out  neutron  diffraction  studies 
of  ZnFegO^  over  a wide  temperature  range 0 They  find  evidence  of  short 
range  spin  ordering  at  hydrogen  temperature  and  the  actual  appearance  of 
a complicated  long-range  order  among  Fe"*  * spin  at  helium  temperatures.  In 
order  to  study  the  thermal  character  of  this  transition  actually  to 
fix  the  transition  temperature  more  closely  we  have  measured  the  specific 
heat  of  ZaFegO^  over  the  range  1.3  to  200°K„ 


■ 


1 T 


The  specimen,  kindly  provided  by  Dr.  V.  C.  Wilson  of  the  General 
Electric  Caeqpaqy,  had  been  prepared  by  sintering  the  nixed  Ttrfirltr  (with 
slight  excess  of  SnO)  at  1200°for  four  hours.  Twenty  four  grams  of  the 
crushed  material  were  used.  Copper  capsules  held  the  specimen  during  the 
measurements,  one  equipped  with  a platinum  resistance  thermometer  to  cover 
the  range  10  to  200°Kj  another  with  a carbon  resistance  thermometer  for 
use  between  1=3  and  20°K.  Heat  capacities  of  the  filled  eapeulee  (includ- 
ing He  exchange  gas)  were  determined  by  the  vacuum  calorimeter  method  in 
these  ranges.  In  a separate  carles  of  measurements,  the  eapeule  correct- 
ions were  date  mined  in  the  sane  intervals.  The  capsule  technique  was  used 
at  helium  temperatures  in  spite  of  its  difficulties  only  after  preliminary 
experiments  with  s one-piece  specimen  shewed  the  thermal  relaxation  tx  's 
of  the  sintered  material  to  be  too  long  for  calorimetric  purposes 0 

Calibration  of  the  carbon  thermometer,  part:  cularly  between  4«2  and 
10°K,  presents  a special  problem.  The  method  used  follows  that  of  dement*^. 
Numerous  calibration  points  were  obtained  at  helium  and  hydrogen  temperatures 


An  equation  of  the  form 


R 

— • a ♦ b log  R (wbmre  R is  resistance,  T is 


temperature,  a and  b axe  constants)  was  fitted  approximately  to  these  points 
by  fixing  b at  same  appropriate  value.  Systematic  deviation  from  this 


relation  was  found  when  a was  plotted  vs  log  R.  Interpolation  in  the  4.2 
to  ~10°K  Interval  was  done  on  this  plot  by  drawing  the  best  curve  con- 
sistent with  the  deviation.  In  practice,  temperatures  were  obtained  Aram 
observed  resistance  by  summing  terms  calculated  from  the  formula  and  cor- 
rection* read  firm  the  deviation  plot. 

The  general  nature  of  the  results  is  indicated  in  Fig.  9 where  re- 
presentative 0^  values  are  plotted  against  T between  1.2  and  200°K„  An 
anomalous  peak  having  its  maxim ■ at  about  9°K  is  evident.  The  p— is 


I 

i 


10„ 

shown  In  detail  in  Fig.  10.  A transition  temperature,  T^,  of  9°K  agrees 
well  with  the  neutron  diffraction  results  as  does  the  existence  of  the 
prominent  "tail"  above  indicating  significant  short  range  spin  order 
up  to  25°K  and  probably  beyond  o 

Hhere  is  little  doubt  that  the  observed  anomaly  is  actually  aesod- 
ated  with  a magnetic  transition  of  a cooperative  type.  It  is,  however, 
unusual  in  several  respects  0 Repeated  measurements  in  the  transition 
region  with  increased  resolution  (smaller  A T'e)  failed  to  show  Cp  assum- 
ing the  exceptionally  large  values  found  in  a typical  A "shaped  anomaly. 

No  conclusive  evidence  was  found  for  a discontinuity  in  _^P  «»gh  lees  Tor 
any  sort  of  discontinuity  in  Cp  itself.  Such  discontinuities  would  charact- 
erise ideal  transitions  of  the  third  and  second  order  respectively.  It 
seems  unlikely  that  systematic  experimental  errors,  in  particular  any  in- 
adequacy of  the  interpolated  thermometer  calibration  used  in  this  region, 
could  mask  any  of  these  features  if  they  were  actually  present.  Immediate 
assign^****  of  this  anomaly  to  a simple  category  dees  not,  therefore,  appear 
feasible. 

J/t 

A specific  beat  maximum  without  a discontinuity  in £ is  to  be  expected 

dT 

for  an  anomaly  of  the  Schottky  tups.  Such  an  anomaly  is  not  associated  with 
a cooperative  transition  but  is  rather  characteristic  of  a system  possessing 
two  or  more  energy  states  whoso  spacing  is  of  the  order  fc.  7 and  is  inde- 
pendent of  their  relative  occupation.  %at  the  anomaly  in  ZnF^O^  is  not 
of  the  Schottky  type  in  spite  of  its  superficial  resemblance  to  such  a peak 
follows,  of  course,  from  the  existence  of  long  range  spin  order  below  9°KC 
It  Is  also  interesting  to  note  that  tho  temperature  dependence  of  Cp  below 
the  maximum  is  quite  incompatible  with  that  expected  of  a Schottky  anomaly. 
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la  the  region  from  4«2°£  dovm  to  1 02's,  wfasro  the  thezmaoeter  calibration 
is  nost  reliable,  Cp  is  found  to  vary  quite  eloeely  as  An  exponent  * 

lal  decrease  would  probably  be  evident  at  these  tempera  tares  were  the  an- 
oaaly  of  the  Schottky  tnpe. 

It  is  quite  possible  that  the  observed  specific  teat  anomaly  is  round- 
ed and  broadened  as  compared  with  those  found  in  typical  cooperative  tran- 
sitions because  the  specimen  was  not  of  uniform  composition.  Slightly 
different  transition  temperatures  in  different  parts  of  the  specimen 
night  account  for  this  behavior  and  could  result  from  local  variations 
in  the  number  and  position  of  neighboring  magnetic  ions.  Partial  inversion 
and  deviations  from  ideal  stoichiometry  would  contribute  to  such  a picture  Q 
It  is  likely  that  the  detailed  shape  of  the  anomaly  in  SnPe^O^  depends  to 
some  extent  on  the  exact  composition  and  mode  of  preparation  of  a given 
specimen.  For  this  reason  it  is  hoped  that  it  will  be  possible  in  the 
near  future  to  carry  out  measurements  of  specific  heat  for  other  samples 
of  prepared  in  different  ways.  On  the  otter  hand,  it  seems  quite 

unlikely  that  such  materials  could  have  transition  temperatures  .such  dif  - 
ferent from  that  obtained  by  noting  the  position  cf  the  maximum  in  the 
anomaly  reported  here,  i.e.  =v  9°JC0  The  quantity  W 'Ey  determined  from 
these  results  is  thought,  therefore,  to  provide  a direct  measure  of  the 
strength  of  the  B-3  interaction  in  gtnFejp^o 

A satisfactory  separation  of  lattice  and  magnetic  contributions  to 
the  observed  specific  teat  has  not  proved  possible  in  this  case.  If  the 
short  range  order  tail  of  the  anomaly  is  assumed  to  be  negligible  at  temper- 
atures above  about  50°JC  then  one  might  attempt  to  extrapolate  the  lattioe 
contribution  beck  from  the  curve  measured  above  this  temperature.  At 
best  this  is  ex  crude  process  . 


However,  if  it  is  carried  out  and  a mag 
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netic  contribution  obtained  by  subtraction,  we  may  estimate  the  magnetic 
entropy  gained  in  going  from  the  ordered  a itiferromagnetic  state  at  CpK 
to  the  completely  disordered  paramagnetic  state  at  very  high  temperatures,, 
Ma  estimate  turns  out  to  be  considerably  lower  than  the  theoretical  value 
2R  In  (2S  ♦ 1)  - 2R  lu6  expected  for  2 r'o+++  ions  (in  ^5/2  P®r 

mole  of  anFe^O^.  If,  as  the  neutron  diffraction  results  indicate,  short 
range  order  is  significant  even  at  180°K  the  magnetic  anomaly  has  a much 
larger  tail  than  would  be  inferred  from  inspection  of  the  Cp  curve.  This 
would  probably  account  for  much  of  the  entropy  missing  in  the  simple  estim- 
ate,. 

As  was  mentioned  above,  C is  found  to  approach  sere  approximately  as 
3/2  0 P 

T below  i*„ 2 K„  Such  a temperature  dependence  is  «xpoeted  on  the  basis 

of  spin  wave  theory  for  the  specific  heats  of  ferzo  or  ferrimagnets  cooled 

well  below  their  Curie  points . For  ideal  antlferromagnefcs,  on  the  other 

3 

hand,  the  spin  wave  specific  heat  should  vary  as  T at  temperatures  well 

c 

below  the  Neel  point.  Ordinarily  the  spin  wave  approximation  is  considered 

valid  only  at  temperatures  below  about  one  tenth  that  of  the  cooperative 

39 

transitions.  Hecent  work  by  iiisele  and  Keffer  suggests,  however,  that 
in  antiferromagnets,  at  leant,  the  thermal  properties  typical  of  spin  waves 
say  persist  to  higher  temperatures.  The  possibility  exists,  therefore,  that 
in  2n  Fe^O^  below  °K  a spin  wave  contribution  to  the  specific  heat  is 
actually  being  observed.  If  this  is  so  them  ths  fact  that  the  specific 
heat  varies  nearly  as  rather  than  as  T“  must  be  explained  since  the 

material  is  presumed  to  be  antiferromagnetic.  It  is  conceivable  that 
partial  inversion  of  the  spinel  structure  sufficient  to  broade i the  trans- 
ition as  suggested  above  could  also  account  for  this  ferHmagnetic  mani= 
feataticR. 
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Guided  by  the  results  obtained  for  2a  FegO^  it  was  decided  to  measure 
the  specific  heat  of  the  analogous  normal  spinel,  Sn  Cr.  over  the  same 
temperature  range.  In  this  material  all  B sites  art.  presumably  occupied 
by  Cr  ions  each  with  a spin  of  3/3c  Again  weak  B-B  interaction  is  the 
only  one  present  and  is  expected  to  -effect  long  range  spin  ordering  at  some 
low  temperature o 

The  specimen,  obtained  from  the  Naval  Ordnance  Laboratory  through  the 

kindness  of  Doctors  J.  S.  Smart  and  F.  McGuire,  was  in  the  form  of  a fine 

powder.  Measurements  were  carried  out  on  fourteen  grams  of  the  material  in 

the  same  manner  described  earlier.  The  experimental  values  of  Cp  are  plotted 

o 

against  temperature  in  Fig.  11.  A sharp  peak  having  its  maximum  at  12o8  K 
is  strikingly  evident.  A detailed  plot  of  tills  region  is  given  in  Fig.  12. 

We  may  identify  11.8°J£  as  the  Neel  point,  T^,  of  2a  Cr^O^  since  subsequent 
neutron  diffraction  studies  actually  show  that  the  long  range  spin  order 
existing  below  this  temperature  is  antiferromagnetic  in  nature. 

Hie  anomaly  in  this  case  has  the  appearance  commonly  associated  with 
a cooperative  transition.  The  largest  measured  value  of  is  nearly  XU 
cal/mole°.  Above  11.8  S,  Cp  falls  rapidly  but  continuously.  A large  short” 
range  order  tail  makes  the  magnetic  contribution  a major  portion  of  the 
total  specific  heat  up  to  temperatures  as  high  as  35°&  and  possibly  above* 
Below  11.8°K,  Cp  falls  rapidly  with  decreasing  temperature  as  shown.  Pre- 
liminary measur  ements  down  to  2.0°1£  (not  indicated  in  Fig.  12)  suggest  that, 
in  fact,  Cp  is  proportional  to  below  about  9°K.  If  this  result  is  borne 
out  by  more  extensive  measurements  in  this  region  now  in  progress  an  Inter- 
pretation in  terms  of  spin  waves  appears  c.uite  possible.  As  mentioned  above, 
the  spin  wave  contribution  to  the  specific  heat  of  an  antiferramagnet  should 

i3. 


vary  as 
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An  attempt  has  been  made  to  separate  lattice  and  magnetic  contrib- 
utions to  the  specific  heat  of  2n  Cr^jO^  in  order  that  the  magnetic  en- 
tropy increase  might  be  estimated  for  the  transition.  We  may  begin  by 
assuming  that  for  temperatures  above  1108°K  2a  Cr is 
with  exchange  coupling  between  Cr  >+  ions  „ Van  Vl«cic4°  has  shown  that 
for  fc.  T >>  jj  Hj,  where  is  the  molecular  field  fay  which  the  coupling 

___  _ a.  rj2 

may  be  represented,  the  specific  heat  may  be  written  , ~i.  If  in 

3 ** 

this  region  the  lattice  specific  beat  varies  as  then  we  may  write  for 

the  observed  total  C - -jl  ♦ AX^.  A plot  of  Cl2  vs  T*  should  give  s 

T* 

straight  line  of  slope  A and  intercept  b.  fuch  a plot  for  2a  CrjOj,  is 

shown  in  Fig.  13.  From  it  we  see  that  between  12„6C  and  25°K  the  total 

specific  heat  is  well  represented  by  Cp ^ j *■  ♦ 7«3  x 10  ^T^o 

o 

Above  25  K the  observed  values  fall  below  such  a curve.  This  is  reason- 
able since  here  the  lattice  contribution  is  rising  more  slowly  than  as 
T^„  If  one  assumes  that  the  second  term  in  the  above  expression  is  valid 
down  to  0°K  then,  by  subtraction,  -values  far  the  magnetic  contribution  may 
be  obtained  over  the  whole  range  from  0°  to  25°K.  Above  25°I  C_.(mag)  will 


oo  P 

Just  „ The  integral  AS  » j Cp(msg)  ^ hs  evaluated  by  com- 
bined graphical  and  analytical  methods.  The  result  is  m 2.5  o^1,  » 

SOX 

This  presumably  is  the  entropy  gained  in  going  from  the  completely  order- 
ed antiferromagnetic  state  to  the  completely  disordered  paramagnetic  state. 
«e  should  expect:  AS  - 2E  ln(2S  ♦ 1)  - 2R  ln4  or  5*6  , where 


mol' 


the 


factor  2 results  from  two  Cr  ions  being  contained  In  one  mole  of 


&n  CrgO^o 

The  reason  for  the  discrepancy  in  entropy  values  deduced  from  the 
observations  and  predicted  theoretically  is  not  obvious.  The  assumptions 
underlying  the  analysis  of  the  data  outlined  above  appear  reasonable 


enough  so  that  at  leant  a coo  of  the  discrepancy  may  be  considered  real* 

Several  conceivable  situations  could  account  far  it.  For  example,  the 

o 

spin  arrangement  assumed  Just  below  11.8  1C  may  not  be  unique,  a second 
transition  at  some  still  lower  temperature  being  needed  to  produce  com- 
plete order.  Detailed  analysis  of  the  neutron  diffraction  results  should 
enable  one  to  confirm  or  reject  such  a picture 0 

It  is  interesting  to  note  that  the  large  tail  on  the  observed  spec 
ific  heat  anomaly  makes  it  assume  trie  in  the  sense  that  the  entropy  gained 
above  T^j  is  actually  somewhat  larger  than  that  gained  below  Ty  as  thus  temp- 
erature is  raised  from  0°K.  Recently,  Dorab^  has  shewn  that  similar  behavior 
is  to  be  expected  for  leing  models  in  which  a given  ionic  moment  interacts 
strongly  with  only  a small  number  of  neighbors-  This  is  reasonable,  of 
course,  since  for  very  large  values  of  this  number  all  order  must  be  long 
range  in  nature.  Un  the  other  hand,  a very  small,  number  of  interactions 
would  give  rise  primarily  to  short  range  order  and  so  to  a large  tail  on 
the  anomalous  peak,,  While  considerations  such  as  these  can  provide  little 
quantitative  information  about  the  number  of  interacting  neighbors  in  Sn 
Cr2°V  the  qualitative  notion  that  this  number  is  ema-!!  appears  reasonable. 
Detailed  analysis  of  the  neutron  diffraction  results  should  clarify  this  point. 

111.  Semiconductors 

A.  Earlier  work  (1946  to  1951)12»13,14>15,2i» 

The  original  objective  of  the  program  of  semiconductor  research  in  this 
laboratory  was  extension  to  very  low  temperatures  of  measurements  of  elec- 
trical resistance  and  galvanomagnetic  effects  in  germanium  and  silicon.  This 
work  was  undertaken  as  part  of  a cooperative  effort  to  understand  the  pro- 
perties of  these  substances  at  a time  when  few  e'cperiowate  had  been  carried 
to  liquid  nitrogen  temperatures  (77°K)  and  practically  none  to  temperatures 
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below  77°K. 

All  of  the  early  work  was  of  neceesity  carried  out  with  paly-- 
crystalline  specimens.  Die  electrical  resistances,  ^ , and  Hall  con- 
stants, R,  of  a series  of  such  specimens  containing  added  donor  or  ac- 
ceptor impurities  in  widely  varying  amounts  were  determined  between 
300°  and  4°A.  A third  derived  quantity,  the  Kali  mobility,  j\^m  ~, 
was  calculated  from  these  results  for  most  of  the  specimens 0 

Diese  materials  extdbited  properties  placing  them  in  several  rather 
distinct  groups o The  most  impure  specimens  (1  to  1?  At.  o/o  impurity) 
behaved  essentially  as  poor  matalc.  Dm  purest  materials  ( ~ 1 part  in 
IQ'  Impurity)  showed  properties  fitting  qualitatively  the  theoretical 
picture  of  an  impurity  semiconductor  in  which  the  carrier  concentration 
is  always  low  enough  to  permit  the  use  of  MaxweH-Boltzmaa  statistics. 
Specimens  of  intermediate  purity  also  behaved  as  impurity  semiconductors 
but  in  many  instances  the  transition  to  degenerate  carrier  characteristics 
became  apparent  within  the  temperature  interval  covered.  The  temperature 
variation  of  mobility  for  the  purer  materials  could  generally  be  inter-’ 
preted  in  terms  of  the  combined  effects  of  lattice  and  ionized  impurity 
scattering,  the  former  predominating  at  high  temperatures,  ti-s  latter  be- 
coming important  at  low  temperatures. 

Full  descriptions  of  this  work  have  been  given  in  Technical  Reports 
Noe.  1,  2.  3»  and  4 (see  Refe.2j  aa&24  for  detailed  titles).  Generally 
speaking  the  observations  were  qualitatively  described  by  a simple  model 
in  which  carriers  were  supplied  by  either  donor  or  acceptor  impurities 
and  In  which  the  transition  from  Harwell  -boltzn&n  to  Fermi  -Dirac  stat- 


istics was  only  crudely  treated.  Several  of  the  results,  anomalous  on 
this  picture,  are  probably  attributable  to  the  presence  in  these  early 


: 
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specimens  of  appreciable  concentrations  of  minority  impurities.  This 
Tact  introduces  an  indeterminacy  which  makes  analysis  of  these  experi- 
ments , beyond  that  contained  in  the  cited  reports,  unpre^i*  ■’ 

Following  the  work  just  outlined  an  extensive  investigation  of  tne 
magneto  resistance  effects  in  polycrystalline  germanium  was  made  between 
12°  and  300°K^?  The  details  are  given  in  Technical  Report  Ho.  5^*,  The 
electrical  resistance  was  measured  as  a function  of  applied  magnetic  field 

strength  and  the  relative  orientation  of  electric  and  magnetic  fields.  The 

A2 

results  were  compared  with  the  phenomenological  theory  of  Seits  and 

several  serious  discrepancies  noted.  It  is  now  recognized  that  th^se  stem 

from  the  fact  that  the  energy  band  structure  o'  germanium  is  ouch  more 

complicated  than  that  assumed  in  the  theory  0 

The  large  changes  of  electrical  resistance  with  temperature  found  at 

low  temperatures  for  rather  pure  germanium  were  exploited  for  themametric 

ZB 

purposes  in  work  which  has  bsen  described  in  Technical  Report  Ko„  8 0 

Resistance  thermoasters  of  high  sensitivity  in  the  liquid  helium  region 

were  obtained  frost  indium-doped  germanium  ingots  by  a systematic,  sampling 

technique.  They  ware  used  extensively  in  calorimetry  below  4o2°Kn 

The  work  described  thus  far  wss  carried  out  in  the  period  from  1916 

to  1951.  In  1953  it  was  decided  to  reeuu;®  these  investigations  for  oover= 

al  reasons:  (l)  Single  crystal  garasniuai  of  woil-definod  impurity  content 

had  become  available;  (z)  The  theoretical  picture  of  the  band  structuro 

of  germanium  was  in  the  process  of  clarification;  (3)  The  temperature 

range  available  for  experimental  purposes  had  been  extended  to  woll  balow 
c 

1 S. 

The  work  which  will,  now  be  discussed  was  in  prog rose  at  the  close  of 
the  period  covered  by  this  report  (September  1954).  Those  phas©3  of  it 


jG,-, 

which  vei-e  completed  at  that  time  will  be  outlined.  The  program  has 
been  continued  uader  the  auspices  of  botli  the  Office  of  Naval  Research 
and  the  National  Science  Foundation.  A separate  report  will  be  issued 
soon  containing  detailed  discussions  of  the  experimental  methods  as  well 
as  tne  results  and  their  interpx-etaiion, 

B.  Wortc  since  1953 

The  present  program  consists  essentially  of  a survey  of  the  temper- 
ature dependence  of  the  reeiativity  of  germanium  from  Q2°K  to  roam  tern 

o 

perature  and  of  the  Hall  constant  from  loi  K to  room  temperature.  Partic- 
ular attention  has  been  given  the  dependence  of  those  properties  on  tnag~ 
netic  and  electric  fields,  both  single  crystal  and  polycrystallin®  ger 
oanim  specimens  covering  a wide  range  of  impurity  concentrations  are 
being  usod.  Measurement  of  these  electrical  properties  provides  material 
for  a critical  examination  of  several  features  of  the  conventional  model 
of  an  impurity  semiconductor. 

1„  Experimental  -Equipment  and  Methods 

o 

For  temperatures  above  1.3  K the  samples  were  placed  directly  in  baths 

of  liquid  helium,  hydrogen,,  nitrogen,  or-  methane,  using  dewar  arrangements 

of  the  type  shown  in  previous  reports.  Accurate  temperature  determination 

is  then  porsibli;  by  measurement-  of  the  bath  vapor  pressure.  Temperatures 
© 

belc>:  1,3  £ were  obtained  by  adiabatic  demagnetisation  of  paramugnetio 
salts,  temperatures  being  measured  by  a carbon  .Tssietanoc  the roacaue ter  , 

After  testing  AHarv-Brarilcy  radio  resistors  and  filma  fabricated  from 
colloidal  graphite  suspensions,  it  was  found  that  1000  C INC  radio  resist- 
ors hove  satisfactory  resistance  characteristics  in  the  region  0,1°  to  1*.,  2°K0 
Calibratior.  of  such  a thermometer  was  carried  out  by  comparison  with  magnetic 
susceptibility  measurements  on  the  paramagnetic  salt,  as  well  as  by  a thervao  - 
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dynamic  a9thod^'>.  Soma  of  the  details  of  the  demagnetization  apparatus 
are  shown  in  Figs.  14  and  15 « 

The  circuit  for  electrical,  measurements  on  the  samples  (Fig.  16)  is 
similar  to  that  described  previously.  The  extremely  high  resistance  of 
the  purer  samples  necessitated  a few  changes,  including  the  use  of  stand- 
are  resistances  in  values  up  to  10  megohms c 

Magnetic  fields  up  to  5500  gauss  were  furnished  by  iron  core  electro- 
magnet arranged  to  rotate  about  a vertical  axis  for  magnetoresistanoe  manure*- 
riant®.  Fields  for  the  magnetic  cooling  procedure  were  provided  by  the  same 
magnet,  which  was  mounted  an  -ails  for  quick  removal  after  demagnetisations 0 
In  Table  FI I, the  characteristics  of  the  specimens  employed  in  this  work 
are  pum-uarizod 

The  pc ly crystalline  specimens  were  34FA,  123,  and  35>P»  originally  free 
Purdue  University^  83E,  origin  unknown^  SiJ,  obtained  from  Dr.  Shockley  of 
the  Bell  Telephone  Laboratories;,  and  AS-  from  a melt  prepared  at  this  labor- 
atory. The  single  crystals  were  obtained  from  Dr„  B.  Sawyer  of  the  Bell 
Telephone  Laboratories . 
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TABLE  VII 

DATA  FOR  GERMANIUM  SAMPLES 


SAMPLE 

STRUCTURE 

TIPS 

IMPURITY 

RESISTIVITY 
AT  JOCPE 
(oiSIT-Ga) 

IMPURITY 
CONCENTRATION* 
( /ca3) 

I2S 

Poly 

n 

P (?) 

,023 

1*2  x id17 

63E- 

Crystalline 

P 

(Unknoim) 

*053 

8*1  x XO16 

35P 

n 

P 

*006  at  *o/o  Al  o03S 

3*?  x XO^6 

3iiFA 

n 

a 

~0k  at  ,e/o 

Sb  o0X2 

1*1  x ICp 

A 2 

» 

P 

oOCa  at  r,o/o  la  *G?8 

2*5  x 1016 

S2 

ft 

& 

{ Urtoowa ) 

0.33 

fc*?  x lb15 

B12 

Single 

P 

Ga 

113 

1*6  x lO15 

B22 

Crystal 

n 

Sb 

1,53 

2*2  x 1015 

B32 

it 

n 

As 

*002^ 

1.7  x 10*9 

BA2 

n 

n 

- 

28 

6*2  x XO1? 

*BJ.f .ferco co  between  ma j oritur  and  minority  carrier  concontratioas,  as  cal- 

cuiated  froa  rooa,  temperature  Mall  Constant. 
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2.  Resistivity 


Although  insasurencn.bs  on  several  of  the  v .oly  cry  a talline  samples  have 

23 ,2U 

been  reported  urevio usly,  only  new  data  will,  bs  considered  an  this  discuss- 
ion, Extension  of  resistance  me  as ureca enta  to  low  tsaperaturcs  necessitates 
an  Investigation  of  fcfeu  current,  density  as  a function  of  applied  electric 
fields  since  it-  has  bees.  shownr*'  that-  the  resistance  of  gersaniua  in  the 
haliuis  range  is  a function  of  the  olecfcric  field.  This  dependence  is  being 
studied  in  detail  at  the  present,  tise.  It  is  i'ound  ‘that  above  a critical 
electric  field  a sample  undergoes  “breakdown®;  in  which  tire  current,  density 
increases  several  orders  of  magnitude  for  small  increases  in  electric  field* 
This  has  been  interpreted  as  an  avalanche  effect  due  to  impact  ionization 

of  impurity  atoms  by  current  carriers,  lhs  carrier  multiplication  process 
has  been  followed  directly  by  means  of  Hall  effect  determinations  which  will 
not  be  described  here.  Current  density  an  a function  of  electric  field  Is 
shown  for  two  samples  in  Figs.  17  and  18  to  illustrate  the  effects  of  teapoy- 
ature  and  transverse  magnetic  field®  on  the  critical  elsctric  field.  Sisple 
considerations  based  c;«  the  bsi.lis.ticn  of  chax'god  particles  in  crossed  elec- 
tric and  magnetic  fields  permit  toe  estivation  of  carrier  mean  free  paths 
and  times  from  such  data  0 

Magnetorenistance  neastirsmenit  have  been  carried  oat  only  for  single 
crystal  specimens  for  v.hieh  the  effects  are  quite  large.  At  fc°K,  for  exa®- 
plea  the  resistance  of  a pure  specimen  ma3’  increase  by  several  hundred  per- 
cent ia  a field  of  5 &i>J  gauss.  These  observations  havo  been  made  for  various 
orientations  of  current  and  ragnetic  field,  with  x-espset  to  the  crystalline 
axes  and  one  another..  Hie  moults  together  with  their  interpretation  in  t.fc® 
light  of  theory  which  takes  :uito  account  the  complex  energy  band  structure 
of  gemaniwa  will  be  prea rated  in  the  aforementioned  report  as  will  tba  results 
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of  the  breakdown  studies 


Figures  19 * 20,  and  21  show  the  resistivities  of  the  specimens  de- 
scribed in  Table  1 as  functions  of  temperature.  In  all  cases,  the  applied 
electric  fields  have  been  well  below  the  critical  breakdown  values. 

3o  Hall  Constant 

23,24 

As  in  previously  rei^o^ied  measurements  She  Mali  constant  depends  on 
the  magnetic  field  strength,  generally  decreasing  as  the  field  increases. 

In  the  present  investigation  data  were  taken  as  functions  of  field,  so  that 
by  extrapolation  a value  of  Hall  constant  ccalc'l  be  obtained  for  zero  fields 
Such  aero  field  values  are  given  in  Figures  22  ar.d  23.  Data  for  the  magnetic 
field  dependence  will  be  reserved  for  presentation  with  magnefcorosietance  re- 
sults. The  extremely  iiigh  resistance  of  the  purer  ca2ip3.es  at  helium  tamper” 
at urea,  together  with  the  necessity  for  keeping  the  electric  fields  small, 
results  in  yery  small  currents,  ~1<?  8 so  pc,  and  eorosapciiSingiy  swell  Hall 
voltages.  Difficulties  associated  with  the  msasuroment  of  such  small  volt- 
ages  accounts  for  the  scarcity  of  data,  below  1G°a„ 

4,  Hall  Mobility 

The  Hall  mobility  is  defined  by 

/v  = /e  i'  «re  /,/ 

f'/.t  — — / -rr/ 

/ •-  rrttsc.  ' O 


where  r is  s constant  characteristic  of  the  resistive  scattering  processes 
and  the  degree  of  degeneracy  cf  the  particular  sample  and /.i  is  the  actual  or 

drift  mobility.  A plot  »s  a function  of  temperature  is  shown  in  Fig. 24c 

5.  Discussion 


iiy.  with  the  exception  of  B42, 
‘ao  therefore  wioh  to  interpret 


here  eadiibi;-.  imparity  conduction  priaai- 
which  shown  intrinsic  conduction  above  280°5 
fclis  moults  in  tGims  of  charge  carriers  orig~ 


o 
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inating  from  impurity  a toss  and  their  associated  energy  levels.  We  shall 
fo.mulate  the  discussion  in  terms  of  donor  impurities,  which  provide  excess 
electrons : similar  arguments  hold  for  acceptor  impurities,  the  sources  of 
deficit  electrons,  or  no. ..as., 


A donor  impurity  at  am  with  five  electrons  an  unfilled  shells  vrill  re- 
place a gemanium  atom  , ubstitutionuliy  and  satisfy  the  covalent  bond  struct- 
ure with  four  of  its  electrons,  The  fifth  electron  is  bound  to  the  impurity 
ion  in  a bydrogen-iiike  state  with  energy  — • „0&eV  below  the  bottom  of  the 
conduction  band,  Electrons  in  those  levels  ara  easily  excited  thermally  into 
the  conduction  band  and  account  for  the  conductivity  at,  rcoa  tsoipera+urs 
and  below.  As  the  temperature  is  decreased,  those  electrons  will  drop  back 
into  the  bound  states  and  the  resistivity  increases  sharply.  At  the  lowest, 
teaparatures,  hewovsr,  this  model  given  a resistance  which  increases  without 
Halt,  sine*?  at  0*JK  electrons  will  exist  only  in  the  full  valence  band  of 
the  germanium  matrix  and  in  bound  impurity  states.  £h is  prediction  is  in 


conflict  with  the  experimental  results  of  this  research,  which  generally 

show  a levelling  off  of  the  resistivity  as  the  temperature  is  lowered  through 

the  heliiKa  region.  Theca  data  laay  be  easily  explained  on  the  basis  of  cor.— 

A5 

ductioa  in  a band  of  impurity  levels  arising  from  the  interactions  of  the 
bound  states  of  the  impurity  atoms.  if  the  impurity  concentration  is  great 
enough  to  allow  appreciable  overlap  of  the  bound  state  wave  functions,  the 
interaction  will  ctae  the  bound  energy  levels  to  expand  into  a band.  This 
band  will  contain  a number  of  states  equal  to  twice  the  number  of  impurity 

-.O. 

atoms,  and  idlS  iur.ii.sh  a mechanism  for  conduction  at  * £-  since  no  activ- 
ation energy  is  required.  Sic  experimental  results  art!  this  interpret- 


ation arc  i»  sgreeowL  vith  those  of  Hang  awl  CPi.-i ouEioan 
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There  ari  ."“5 
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the  question  whether  interactions  arc  sufficiently  largo  at  low  impurity 
concentrations  to  account  for  the  observed  results.  Calculations  of  the 
energy  levels  for  random  impurities  in  a regular  lattice  by  James  and 
Ginsberg4"  and  Aigrain  and  Jan cc vie Sr*  show  that  the  landing  effect  may 
be  considerable  for  impurity  concentrations  down  to  ~ .10^®  /cc.  Cost- 
centration  of  impurities  as  deieiiiinod  from  tha  Hail  constant  is  actually 
the  difference  between  donor  and  acceptor  concentrations.  Observations  of 
impurity  band  effects  for  samples  with  quoted  iopurity  concentrations  of 
A/  icr5  /cc  or  Ice?  should  than  be  considered  as  arising  at  least  in 
part  from  compensated  impurities  not  shown  in  the  Hall  constant.  This 
is  particularly  true  fo-  the  polycryctallino  samples  reported  hero  and 
those  of  Hung  and  Glies  naan,  all  of  which  were  prepared  before  1950a  and 
may  explain  why  impurity  band  effeetu  have  not  been  observed  in  the  purer 
samples  investigated  elsewhere*5®. 

The  impurity  band  aodel  also  serves  to  explain  tho  decrease  in  aetiv" 
ation  energy  vrlth  incre using  impurity  concentration^^.  The  disappearance 
of  the  activation  energy  at  a concentration  of  1.5  x 10^-7  /cc  is  in 
agreement  with  calculations  cf  impurity  density  necessary  for  overlap  of 
impurity  and  conduction  bands. 

Most  of  the  S2np3.ec  show  a straight  line  in  tho  helium  region  oa 
plots  of  log  resistivity  vn  l/?ff  corresponding  to  a temperature  dependence 
of  the  foam  f>  A 2 with  A £ ~ 2X1T**  cV.  This  ic  in  a temper’ 

ature  range  below  that  at  which  t he  ii purity  electrons  are  excited  into  the 
conduction  band.  Ibis  exponential  expression  cay  be  only  an  approximation;, 
and  reflect  a temperature  dependence  of  mobility,  rather  than  a cl-ange  in 
carrier  concentration. 

The  Hall  constants  show  little  change  from  JJ30°K  to  150°K,  whore  those 


\ 
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for  the  more  impure  samples  begin  to  ri.se,  the  rise  starting  at  a lower 
temperature  the  purer  the  sample..  Curves  for  the  less  pure  samples  pass 
through  maxima,  decreasing  to  constant  values  at  the  lowest  temperatures. 
Curves  for  the  mere  puro  samples,  rising  rapidly  below  10°K,  show  evidence 
of  level ;uig  off,  but  no  evidence  for  a subsequent  decre.iso,  which,  if  pres- 
ent.. will  occur  below  l°Ko 

This  behavior  is  explained  easily  on  the  basis  of  an  impurity  band 
model.  At-  high  tempera 'urea  the  hall  constant  characterises  the  electrons 


in  the  conduction  band,  at  the  lowest  t oopera ture 3 the  alsctrons  in  the 
donor  impurity  band.  At  intermediate  temperatures  the  Hall  constant.  R in- 
volves the  mobilities  u and  Mj  , jus  well  is  the  carrier  concentrations^ 

/ / 

and  tlj  , :ui  the  conduction  and  donor  bands,  respectively; 

a » j:  SJOf-L  ^ 

c I '•'■./J*  +- 

Thio  expression  shows  a maximum  in  tire  transition  region  in  accord  with 
the  experimental  results, 

3/0 

The  mobility  curve;*  for  the  purer  samples  show  the  r dependence 
expseted  for  lattice  scattering,  end  this  extends  to  quit/s  low  teaps.raturoso 
The  lean  pure  samples  show  evidence  of  an  appreciable  Ionised.  impuxv.ty 
scattaring,  with  a T"* ‘ 2 dependence,  even  at  rocm  temperature.  The  decr^as- 
irvg  values  at  low  temperatures  nay  be  interpreted  ae  an  increasing  depend- 
ence on  impurity  8eatte;.*ing#  bun  if  tur:  impurity  band  model  is  valid  a 
<? 

nubility  /-/^  - — - vciaa  net  Isrvs  a simple  n caning  in  the  region  whc.x-o 

the  Hall  expression  involves  more  than  one  conduction  process, 

Tonperatur^  Wavac  at  Lo'.  Temps  rat  ires^  ^ 

The  diffusivifcy  (ratio  of  thermal  conductivity  to  Dpocific  heat  par 
unit  volume)  of  £ metal  ca  i bo  determined  by  measuring  the  velocity  of 


26 


propagation  of  a sinusoidal  ly  varying  temperature  'wave  along  a rod  made 
from  the  metal.  This  technique  has  been  described  briefly  by  Dr.  E. 

1 ft 

ilendosa  , who  also  initiated  the  present  program  for  its  perfection 
during  his  visit  in  this  department  (3-952-1953) • The  temperature  varl  = 
atioa  is  generated  by  a heater  at  the  end  of  the  rod,  and  the  temperature 
wave  is  detected  by  two  quickly  responding  resistance  thermcmatere  3paced 
along  the  rod  (eae  Fig.  2$)a  Frequencies  from  50  to  1000  cycles  per  second 
are  used.  The  resistance  of  each  thermometer  varies  sinusoidally,  and  the 
phase  difference  between  these  two  sine  waves  is  measured.  Since  the  dif 
fus.ivity  cf  metaXs  at  lev/  temperatures  is  practically-  independent  of  temper- 
ature, it  should  be  possible  to  measure  it  with  high  accuracy  by  this  method. 
Measurement  of  the  thermal  conductivity  is  done  with  the  same  apparatus  and 
therefore  the  specific  heat  can  be  found. 

In  Technical  k sport  No.  Dr.  P.  K,  Marcus  has  studied  th®  prefer 

It..*  of  temperature  wave  propagation  with  the  help  of  a transmisBior.  lia® 
analogue  and  determined  the  effects  of  a change  in  ero3.3  section  and  vari." 
cus  terminations  of  the  rod.  He  finds  that  these  would  cause  reflections 
of  the  temperature  wave,  necessitating  large  corrections  to  tho  piiase  meas- 
urements at  the  lower  frequencies  where  the  wave  length  is  large.  It  was 
also  shown  that  the  waves  aro  heavily  damped,  tne  damping  factor  being  ap- 
proximately .002  over  ana  wave  length.  Hi®  wave  length  is  of  the  order  of 
a few  millimeters  except  for  metals  at  low  temperatures  where  it  i3  several 

titass  the  length  of  the  rod,  or  of  th®  order  of  fifty  centiaators  for  a 
frequency  of  one  hundred  cycles  per  second.  Therefore  this  technique  is 
restricted  to  low  temperatures  » It  car.  bo  adapted  to  temperatures  below 
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Die  thsunomaters  and  heater  each  consist  of  a film  of  colloidal 
graphite  painted  on  the  rod,  which  has  previously  been  coated  tilth  an  in- 
sulating film  of  latiquer  (Tuff email  B-I65).  It  has  been  found  that  the 
thermal  noise  generated  by  these  thermometers  io  not  a problem  at  liquid 
helium  temperatures  after  they  have  be«ii  subjected  to  prolonged  ouigao3ing. 
Better  signals  are  also  obtained  if  the  colloidal  graphite  is  rubbed  so  as 
to  pack  it  more  tightly* 

The  signal  obtained  from  the  thermometers  is  of  the  order  of  one  milli- 
volt, In  one  circuit  built  by  Dr.  J.  E,  Simmeman,  each  signal  was  amplified 
by  a factor  of  approximately  one  hundred.*  One  output  went  to  a helipet  am- 
plitude control  and  ths  other  to  a phase  shifting  bridge.  The  two  signals 
ware  than  mixed  and  further  amplified;,  the  final  output  going  to  an  oscill- 
oscope. The  phase  and  amplitude  controls  were  adjusted  for  a null  reading 
on  the  oscilloscope.  and  the  phase  difference  cf  the  two  signals  could  then 
bo  determined  from  the  setting  of  the  phase  shifting  bridge.  In  Zimmerman's 
other  circuit  the  asaae  piase  shifting  bxddge  was  used  to  shift  the  phase  of 
the  signal  from  the  oscillator;  which  was  also  the  heater  power  source.  This 
signal  was  then  doubled  in  frequency  and  iod  into  one  input  cf  a phase  dis- 
criminator, the  other  input  of  which  received  toe  signal  from  one  of  the 
toennosaetero,  and  tho  output  of  which  was  measured  by  a vacuum  tube  volt” 
meter.  The  phase  dincrij  J-natcr  and  vacuum  tube  voltastsr  wore  used  as  a 
null  indicator  as  the  calibrated  phase  shifter  vaa  adjusted.  The  differ- 
ence of  the  readings  obtained  from  the  two  toerEomote  ’-•s  represented  tha 
phaao  shift  of  the  temperature  wave  at  theso  two  locations . 

These  two  circuits  'ave  results  that  were  accurate  to  appmxiwataly 
ton  percent.  Una  source  of  error  was  the  phase  shifting  bridge  which  could 
be  adjusted  to  the  nearest  degree  only.  Since  it  was  necessary  to  treasure 
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phase  differences  an  small  as  five  degrees,  it  was  sought  to  develop  & 

■ore  sensitive  bridge.  However,  it  was  eventually  decided  that  a null  read- 
ing was  not  sensitive  enough  because  of  the  broadness  of  the  null. 

Kie  present  circuit  (see  Figs.  26,  27,  23)  is  entirely  different  in 
principle.  Instead  of  measuring  the  phase,  the  time  interval  between  the 
two  signals  is  measured  directly.  The  signals  are  first  amplified  to  ap- 
proximately twenty  volts,  then  clipped  and  amplified  several  times  to  obtain 
square  saves,  and  finally  differentiated.  This  results  in  a series  of  pos- 
itive and  negative  pulses  from  each  channel,  the  time  delay  from  the  positive 
pulse  from  channel  A to  that  from  channel  B being  the  quantity  measured.  Use 
is  made  of  a calibrated  triggered  delay  circuit  called  the  phantastron.  It 
is  triggered  by  the  leading  positive  pulse  and  subsequently  generates  a de- 
layed pulse.  The  delay  pulse  is  adjusted  to  coincide  witn  the  pulse  from 
channel  B.  Better  than  one  percent  accuracy  is  expected  with  this  arrange- 
ment c 

In  order  to  obtain  symmetry  of  the  square  wave  resulting  from  the  clipped 
signals,  the  bias  on  the  first  clipper  ±3  adjusted  until  the  negative  pulse 
is  equidistant  in  tiusa  from  the  two  adjacent  positive  pulses.  The  phantastron 
is  used  in  adjusting  the  time  intervals. 

Provision  is  also  made  for  interchanging  channels  A and  B.  By  averaging 
the  two  time  delays  obtained,  any  error  due  to  different  phase  shift-  in  the 
two  channels  is  canceled. 

A brief  description  of  the  circuit  will  now  be  given  with  ths  help  of 
the  block  diagram. 

chon  making  a measurement,  switches  1 and  2 are  both  in  positions  a or 
b,  switch  A is  in  position  a,  and  switch  3 is  on  normal.  The  positive  pu3.se 
from  the  leading  cliannel  therefore  triggers  the  phantastron  while  the  pulso 


rraea  the  other  channel  goes  to  the  ph&sr  splitter,  the  output  of  which 
can  be  selected  to  give  the  Ease  polarity  as  the  delay  pulse  from  the 
phantastron. 

For  calibration,  switches  2 and  5 are  both  ir  positions  a or  b,  and 
switch  3 is  on  calibrate.  One  channel,  therefore,  is  completely  out  of 
the  circuit*  With  stitch  4 at  position  a,  the  phartasuron  is  triggered 
by  the  positive  pulse  from  the  channel  being  calibrated,  while  the  neg- 
ative pulce  triggers  the  phantastron  when  position  b is  used.  The  cali- 
bration procedure  consists  of  adjusting  the  delay  pulse  until  it  coincides 
with  the  next  pip  fren  the  phase  splitter,  then  changing  switches  4 and 
6 to  see  if  the  same  delay  ir  obtained  from  the  other  half  of  the  square 
wave.  If  there  ia  an  airror,  approximately  half  of  it  is  corrected  by 
changing  the  bias  ef  the  first  clipper  stage,  and  then  the  symmetry  of 
the  square  wave  is  checked  again.  This  procss 3 quickly  gives  a square 
wave  that  is  symmetrical  with  the  limit  of  accuracy  of  the  phantastron. 

V.  Thermal  Conductivity  of  Solids2^*2^2^* 

A series  of  Investigations  of  the  thermal  conductivity  of  various 
solids  between  2~  and  30°K  is  described  in  Technical  I is  port  Ho.  o*  * 
Electrical  conductivities  were  determined  for  these  specimens  over  the 
same  interval  to  permit  the  calculation  of  Wiodesaanrx-Franz  ratios.  The 
results  may  be  summarized  briefly  as  folloive: 

A.  Commercial  Alleys'*^ ^ 

Measurements  on  monel,  inconel,  and  stainless  steel  gave  Wiedemann- 
Franz  ratios  much  larger  than  the  theoretical  value,  the  deviations  being 
greater  for  annealed  than  for  cold  worked  specimens.  These  results  are 
consistent  with  the  id  3a  that  lattice  conductivity  is  relatively  high  in 
these  alloys.  The  thersimJL  conductivity  values  obtained  in  this  work  have 


been  very  useful  in  the  design  of  cryogenic  equipment  in  this  laboratory 
and  elsewhere- 

, . 20,21,22.26 

B.  90  0/0  Cu  - 10  0/0  Hi  Alloy  5 

S [«eimens  of  the  saso  composition  but,  differing  as  to  degree  of  cold 
work  and  grain  size  were  st  udied.  Qualitative  interprets tion  of  tha  differ^ 
ing  conductivities  have  been  given  in  terms  of  plausible  arguments  about  tho 
influence  of  cold  work  upon  lattice  co^dinticno 

C.  Gonaanium^3^ 

Specimens  of  varying  impurity  content  shoving  different  aon-=d3g®aerat« 
electrical  properties  in  the  temperature  interval  2°  to  £0°K  were  studied. 

No  appreciable  electronic  conductivity  rcis  observed.  At  very  low  t ■ nperatures 
the  effect  of  impurity  concentration  was  found  to  os  con,?/*? tout-  with  the  theory 
of  lattice  conduction r, 

Tha  work  outlined  above  was  completed  in  1951c  la  195 h it  vra.e  decided  to 
rosuse  t hemal  conductivity  studies  with  natal©  of  the  hsicagon?l  close  -packed 
structure  tha  particular  objects  of  investigation  „ At  tho  close  of  the  period 
covered  by  this  report  an  improved  apparatus  for  helium  and  tgrdrogen  rsige 
aaasuresento  using  carbon  rogistancs  thsrraoastarc  use  under  construction. 

The  program  is  continuing  and  it  is  hoped  that  with  the  use  of  single  crystals 
it  will  be  possible  to  essasine  the  anisotropy  of  tha  thorxal  conductivity  in 
tha  purs  sotalc  an  well  as  the  influence  of  alloying  additions  upon  that 
anisotropy. 

VI.  Miscellaneous  Topics 

A.  Tho  Electrics!  Kesist&neo  of  a -Brass 

Vary  little  infoK-ntiou  appears  to  bs  avo±dab?.o  oa  the  low  tasroeraturo 
resistance  of  the  japortan t ooppsr-'Kinc  c.lloya.  rteuuestc  for  such  data  from 
another  group  in  our  department  led  to  a series  cf  dote ruinations  of  the  re- 
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Distance  of  x -Brass  between  lc6  and  300  6 the  results  of  which  will  be 
summarized  briefly.  The  specimens  (30  o/o  Zn,  70  o/o  Cv.)  were  in  the 
fora  of  drawn  wires  of  circular  cross-section  (0.1C1  cm  dia.,  ~ 22  oa 
long Hrith  attached  potential  and  current  leads.  Meaaui'cments  were  carried 
out  by  a potentiometric  method  in  liquid  helium,  hydrogen,  oxygen,  and 
nitrogen  baths  as  well  as  at  roan  temperature. 

The  resistivity  of  the  unannealed  material  was  found  to  be  7.35  x 
lCf6  Qm  at  299°K  and  kB>k  x 10  0 Ocsa  at  Uc2°K  and  below,  a decrease, 

A ^ 5 of  2.81  x 10  fiemo  Thre  same  specimens  annealed  for  3 hours 
at  592°  exhibited  resistivities  of  6a23  x 10  ^ Sen  and  3«k7  x XO  ^Qcm, 

O O 

at  299  £ and  4.2  K respectively,  a decrease  . as,  of  2o81  x 10  Qcm  as 
before.  Thus  Hatthie sperms  Kule  is  obeyed.  The  room  temperature  resist" 
ivity  is  within  the  range  6 to  9 x 10  Gea  reported  by  several  early 
investigators  a 

The  low  temperature  data  on  annealed  <x  -Brass  are  shown  in  Fig.  29 0 

Q 

For  purposes  of  rough  interpolation  for  tempera «ures  strive  ijO  1£  on® 
nay  use  the  Grunoieen  formula  taking  as  the  characteristic  temperature  the 
value  G “ 215  &<• 

B.  laboratory  Aids 

1.  Level  indicator  for  liquid  He,  rig,  and  Ngc 

An  inexpensive  portable  level  indicator  for  low  boiling  point  liquids 
has  been  in  use  in  this  laboratory  for  several  years.  Its  essential  de- 
tails are  3howu  schematically  in  Fig.  30.  A email  box  hoi da  the  indic- 
ating millisEKaator  (0-20  ma),  batteries  and  switches.  The  sensitive  el- 
ement, a $6  Q,  1/2  W capbun  composition  resistor  of  tho  Allen-Bradley 
type,  is  mounted  at  the  end  32u  x t/16n  dia  incoiiol  tubs  from  the  other 


and  of  which  emerge  the  leads  which  may  be  connected  to  the  rest  of  the 
circuit  by  a snail  Jones  plugs 

In  operation,  the  long  probe  is  inserted  slowly  into  the  mouth  of 
the  vessel  containing  the  liquid,  the  ran*.®  ewitch  having  bean  set  to  Hie 
proper  value.  Power  dissipated  in  the  resistor  Z’aisee  its  temperature 
well  above  that  of  the  gas  through  which  it  passes.  Contact  with  the 
liquid  surface  produces  a marked  increase  in  the  resistance  of  tho  sens“ 
ing  element  and  an  easily  observed  drop  in  current  indicated  on  the  metes*. 
The  probe  is  then  suitably  marked  and  withdrawn  and  tho  liquid  depth  or  volume 
determined  with  tho  aid  of  a calibration  chart. 

2.  Bellows  manes tat 

Pressures  less  than  atmospheric  may  bo  maintained  over  liquid  re- 
frigerant  baths  (particularly  helium  and  hydrogen)  for  extended  periods 
by  means  of  a simple  manosfcat  shown  in  Fig.  JL.  Hi®  essential,  element 
is  a large  sylphon  bellows  of  phoephor  bronze  which  is  extended  whan  the 
reference  pressure  exceeds  that  of  the  bath, causing  the  pumping  line  to 
does.  Opening  the  needle  valve  separating  the  reference  chamber  frtan 
the  pumping  line  permits  the  reduction  of  the  reference  pressure  by  arbit*” 
rary  amounts. 

In  operation  with  a liquid  helium  bath  the  manostat  provides  press-’ 
ure  regulation  to  about  0.1  mm.  Hg.  over  mo3t  of  tho  useful  rang®.  A 
bypass  around  the  manostat  ie  usually  included  in  the  circuit  to  permit 
pressures  below  about  2 cm  Hg  to  bs  reached. 
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FIGURE  14  CRYOSTAT  FOR  MEASUREMENTS  BELOW  l.3°K- SCHEMATIC 
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FIGURE  15  CRYOSTAT  VACUUM  CHAMBER -GROSS  SECTION 
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FIGURE  29 


LIQUID  LEVEL  INDICATOR  FOR  : He,H  .N, 
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